Abstract The identification of epsilon iron oxide (E-Fe 2 O 3 ) as the low Curie temperature high coercivity stable phase (HCSLT) carrying the remanence in heated archeological samples has been achieved in samples from two archeological sites that exhibited the clearest evidence of the presence of the HCSLT. This uncommon iron oxide has been detected by Confocal Raman Spectroscopy (CRS) and characterized by rock magnetic measurements. Large numbers of E-Fe 2 O 3 microaggregates (in CO) or isolated clusters (in HEL) could be recognized, distributed over the whole sample, and embedded within the ceramic matrix, along with hematite and pseudobrookite and with minor amounts of anatase, rutile, and maghemite. Curie temperature estimates of around 1708C for CO and 1908C for HEL are lower than for pure, synthetic E-Fe 2 O 3 (2278C). This, together with structural differences between the Raman spectra of the archeologically derived and synthetic samples, is likely due to Ti substitution in the E-Fe 2 O 3 crystal lattice. The c-Fe 2 O 3 -E-Fe 2 O 3 -aFe 2 O 3 transformation series has been recognized in heated archeological samples, which may have implications in terms of their thermal history and in the factors that govern the formation of E-Fe 2 O 3 .
Introduction
Archeomagnetism provides important constraints on the local and global geomagnetic field variation during the historical past, thus contributing to the study of the geodynamo and to archeomagnetic dating. Its physical basis is connected to the magnetic properties of heated archeological materials and to the presence of stable magnetic remanence acquired at the time of the heating process. Detailed knowledge of the magnetic carriers in ceramics, bricks, and baked clays is important as they impact the remanence stability during laboratory treatment, the correct determination of the archeomagnetic signal and the suitability of the material for paleointensity determination. Generally speaking, a mixture of iron oxides, each of which possesses particular magnetic properties, carries the magnetic remanence. The archeomagnetic literature points mainly to magnetically soft (titano) magnetites and maghemite as the main components of the mixtures, with magnetically hard hematite and goethite being of lesser importance [e.g., Cui et al., 1997] .
In addition to these well-known magnetic minerals, a widespread occurrence of a novel, high coercivity (> 600 mT), thermally stable, low unblocking temperature (200-2408C) magnetic phase in well-heated archeological material was reported by McIntosh et al. [2007] . This so-called HCSLT phase occurred over a broad geographical and temporal range in both bricks and baked clays [McIntosh et al., 2011] . While the thermal stability distinguishes the HCSLT phase from goethite, an unambiguous identification could not be provided [McIntosh et al., 2007 [McIntosh et al., , 2011 , with candidates such as hemoilmenite (Fe 22y Ti y O 3 ) with a Ti content of y 0.5, magnetic ferri-cristobalite [Moskowitz and Hargraves, 1984] , epsilon iron oxide (E-Fe 2 O 3 ), and cation-substituted hematite being discussed by the authors. In the context of the present study, it is worth pointing out that E-Fe 2 O 3 [Petersen et al., 1987] was the candidate that was least favored by the authorsbased mainly on M€ ossbauer spectroscopy [McIntosh et al., 2011; Donadini et al., 2007] . This was reassessed L OPEZ-S ANCHEZ ET AL.
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E-Fe 2 O 3 is a rare, metastable polymorph of Fe 2 O 3 whose magnetic properties (high-coercive field and low Curie temperature) are compatible with the HCSLT phase. It is collinear ferrimagnetic, with a saturation magnetization around 15 A m 2 kg 21 , mainly existing in a nanometric form [Ohkoshi et al., 2005] . It has an orthorhombic structure with lattice parameters a 5 5.095 Å, b 5 8.789 Å, and c 5 9.437 Å. The structure has four nonequivalent cation positions, one tetrahedrally and three octahedrally coordinated, all of them with a certain degree of distortion that is believed to be crucial for the magnetic properties and their thermal evolution [MacHala et al., 2011] .
Although the magnetic behavior of E-Fe 2 O 3 is not fully understood, it is well established that it undergoes two magnetic transitions, one above and one below room temperature. It is ferrimagnetic at room temperature and has a Curie temperature around 2278C. A low temperature magnetic transition between two different magnetically ordered phases has also been reported at around 21638C [Gich et al., 2005] . It possesses a large magnetocrystalline anisotropy, which is reflected in a maximum coercive force of around 2 T at room temperature. Transition temperatures and coercive force both strongly depend on particle size [Ohkoshi et al., 2015] , doping or cation substitution [Namai et al., 2012] .
Confocal Raman Spectroscopy (CRS) is a nondestructive technique that provides local structural and chemical information with crystallinity, amount of material or phase identification being the most typical analyses [Jubb and Allen, 2010] . In addition, it permits the scanning of large in-plane (XY) areas as well as in Z-depth. Surprisingly, it is not a common tool in paleomagnetism and rock magnetism in comparison to other techniques such as X-ray Diffraction (XRD), M€ ossbauer Spectroscopy or Energy-dispersive X-ray Spectroscopy (EDX). XRD and M€ ossbauer Spectroscopy have the inconvenience of measuring bulk samples, which might hinder the identification of the less representative components (in sample percentage), as is commonly the case for the magnetic minerals that typically dominate the bulk magnetic properties. EDX gives compositional information of specific elements but does not reveal which polymorph is present or distinguish components with similar element percentages. A major advantage of CRS is that it permits precise microstructural and mineralogical identification, as well as the determination of structural modifications and chemical environments of the different mineralogical phases which may coexist in baked clay materials [Colomban, 2003; Bellot-Gurlet et al., 2009; Medeghini et al., 2013] .
With this in mind, the present study describes the results of micro-Raman XY-mappings that have been carried out on samples from two archaeological sites that exhibited the clearest evidence of the presence of the HCSLT phase described in McIntosh et al. [2007] . Complementary rock magnetic results from the same samples are also presented, along with supporting information summarizing previous results. The objectives are to conclusively identify the HCSLT phase and to demonstrate the potential of CRS in identifying the components of complex magnetic mixtures in natural samples.
Experimental Procedures and Studied Samples
Raman spectra were acquired using a confocal Raman microscope (ALPHA 300RA, WITEC, at the Institute of Ceramics and Glass-Spanish National Research Council (ICV-CSIC)), with a Nd:YAG laser light source (532 nm) in p-polarization. The optical resolution of the system is approximately 200 nm in the lateral direction and 500 nm in the vertical direction. The spectral resolution of the system is 0.02 cm 21 . Spectra were acquired in the spectral range of 0 2 3600 cm 21 by using a 600 g mm 21 grating. Samples were mounted on a piezo-driven scan platform with a positioning accuracy of 4 nm in the lateral direction and 0.5 nm in the vertical direction. Raman measurements were performed at room temperature, working with a 1003 objective numerical aperture of 0.95. The laser excitation power chosen was set at 0.7 mW in order to avoid unwanted phase transformations induced by the laser. Data were analyzed using the WITEC Project Plus software.
Thermomagnetic curves were measured in air between room temperature and 7008C using a variable field translation balance (MMVFTB, Magnetic Measurements, at the Burgos palaeomagnetic laboratory, University of Burgos), with applied fields of approximately 1 T. The curves were analyzed using the RockMagAnalyzer software [Leonhardt, 2006] . Magnetic hysteresis loops were measured using a SQUID magnetometer (MPMS, Quantum Design, at the CAI de T ecnicas F ısicas, Complutense University of Madrid), with a maximum applied field of 5 T. Magnetic hysteresis loops were measured at 21938C, 21338C and room temperature (see supporting information). The same instrument was used to measure field cooled (FC) and zero field cooled (ZFC) magnetization curves. For the FC curve, a room temperature isothermal remanence was acquired in a 5 T applied field, the sample was cooled to 22698C in a 20 mT applied field, then the variation of the remanence with temperature was measured during warming to room temperature in a 20 mT field. For the ZFC curve, the procedure was the same except that cooling and warming was performed in the absence of an applied field.
Stepwise thermal demagnetization of orthogonal IRMs [Lowrie, 1990] up to 7008C was carried out using TSD-1 (Sch€ onstedt) and MMTD-80 (Magnetic Measurements) thermal demagnetizers, a Minispin spinner magnetometer (Molspin Ltd.) and an IM10-30 impulse magnetiser (ASC Scientific), all at the Complutense University of Madrid. After completion of the first demagnetization up to 7008C, the experiment was repeated in order to test the thermal stability of the orthogonal IRM fractions.
Samples from two archeological sites have been studied. CO_62_5 (labeled CO throughout the text) samples come from a baked clay block used in the construction of a medieval kiln from Cordoba (Spain). HEL1 (labeled HEL) samples come from a modern brick (1906 AD, Donadini et al. [2007 ) from Helsinki (Finland). Both were investigated by McIntosh et al. [2007 McIntosh et al. [ , 2011 and exhibited magnetic properties strongly influenced by the presence of the HCSLT phase. It is important to mention that the selected samples were not isolated examples: evidence for this magnetic phase was documented in at least 16 archaeological features across Europe [Donadini et al., 2007; McIntosh et al., 2007 McIntosh et al., , 2011 , in Brazil [Hartmann et al., 2011] , in Western Africa [Mitra et al., 2013; Donadini et al., 2015] , in Mexico [Kapper et al., 2016] , and Eastern China [Cai et al., 2014 [Cai et al., , 2016 . Therefore, it seems that the presence of this magnetic phase is globally.
Results

Magnetic Properties
Magnetic measurements corroborate the results of McIntosh et al. [2007, 2011] : the magnetic mineralogy is a mixture of high and low coercivity phases, the contribution of each varying from sample to sample. Waspwaisted hysteresis loops at room temperature are observed in samples from both sites (Figures 1g-1h ). The high coercivity phase only approaches saturation at applied fields larger than 4-5 T. Wasp-waisting is observed in the hysteresis loops down to 21938C (supporting information Figure S1a ), confirming the low and high coercivity contribution even at low temperatures.
The results of the low temperature remanence measurements are given in the supporting information Fig Thermomagnetic curves show evidence for two magnetic phases, both having a high degree of thermal stability ( Figures 1a and 1b) . Curie temperature estimates for the lower temperature phase of 1698C for CO and 1888C for HEL are in close agreement with the IRM unblocking temperature of the HCSLT phase (Figure 2 ). These temperatures are slightly lower than the value of 2278C usually ascribed to E-Fe 2 O 3 . Curie temperature estimates for the higher temperature phase are 5528C for CO and 5818C for HEL. They are consistent with the unblocking temperatures of the low coercivity IRM fraction ( Figure 2 ) and close to the values expected for magnetite (Fe 3 O 4 ) or maghemite (c-Fe 2 O 3 ) with a small amount of cation substitution. One final observation from the IRM demagnetization curves is that the relative fraction of E-Fe 2 O 3 and the low coercivity fraction are highly heterogeneous between CO samples (Figure 2 ). For example, in sample CO.7A the IRM intensity is dominated by the high coercivity fraction (Figure 2a and 2b) . In contrast, in samples CO.16A and CO.12A, the low coercivity phase dominates the IRM, although the HCSLT phase is also present.
Confocal Raman Spectroscopy
In both samples, the results indicate the presence of extensive areas dominated by quartz, feldspars, and hematite (a-Fe 2 O 3 ). This is also supported by XRD spectra (see supporting information Figure S2 ). In addition, large numbers of microaggregates (CO) or isolated clusters (HEL) of pseudobrookite (Fe 2 TiO 5 ),
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A representative area of CO is depicted in the optical image in Figure 3a . Scans performed on the yellow square show Raman spectra corresponding to maghemite, E-Fe 2 O 3 , pseudobrookite, and hematite microaggregates (Figures 3b and 3c ). These minerals can be clearly distinguished and no mixing between them has been detected.
HEL samples exhibit relatively large areas of E-Fe 2 O 3 microaggregates and isolated clusters (Figure 4a ) that are distributed over the whole sample and enclosed within the ceramic matrix. Micrometric E-Fe 2 O 3 grains completely surrounded by hematite are clearly observed (Figures 4b and 4c) . In order to compare the structural properties of these samples with those obtained from other works, a Lorentzian fitting is performed on the average Raman spectrum acquired in CO and HEL.
The position of the Raman shift is displayed on top of the major peaks for each mineral found in the selected areas (Figures 3c and 4c ). Comparing to other works where the Raman spectra are collected from pseudobrookite [Wang et al., 2016; Bersani et al., 2000; Prinsloo et al., 2011] , hematite [Leon et al., 2010a [Leon et al., , 2010b ], E-Fe 2 O 3 [Dejoie et al., 2014; Lopez-Sanchez et al., 2016a] , and maghemite [Bellot-Gurlet et al., 2009] , Raman shift deviations generally toward higher wave numbers are observed for both CO and HEL. Wavelength deviations were larger for CO than for HEL especially for E-Fe 2 O 3 ( Figure 5 ). The shift of the bands could be related to stress induced by the encasing ceramic matrix [Colomban and Havel, 2002; Rubio, 2015] . In addition, the number of the Raman bands is different than expected for pure phases, indicating that the crystal lattice has different vibration frequencies. This could be explained in terms of cation substitution, which leads to alteration of the lattice vibration frequencies and is reflected in band shifts and/or the emergence of new bands in the Raman spectrum.
Discussion
The CRS results clearly show the presence of E-Fe 2 O 3 in the CO and HEL samples and so confirm the identity of the HCSLT phase described by McIntosh et al. [2007, 2011] . Relatively large areas of E-Fe 2 O 3 Figure 3b ) and isolated clusters (Figure 4b ) are distributed throughout both samples, embedded within the ceramic matrix. It is noticeable that the E-Fe 2 O 3 Raman spectra are analogous with those acquired from ancient black-glazed Jian wares, with similar micrometric grain sizes [Dejoie et al., 2014] . This highlights the fact that E-Fe 2 O 3 can be formed in archeological baked clays and bricks and is not restricted to particular ceramic types.
When iron(III) oxide particles are grown following a synthetic sol-gel route in a ceramic supporting medium, different polymorphs are formed depending on the degree of agglomeration, the particle size, particle morphology, the presence of coating layers on the particle surface, the presence of dopants and the synthesis temperature [MacHala et al., 2011] . Commonly, maghemite nanoparticles are observed as a precursor to E-Fe 2 O 3 , which can be considered as an intermediate state prior to hematite formation. When embedded in a silica matrix, the typical temperature ranges over which these polymorphs form are: c-Fe 2 O 3 (below 9508C) -EFe 2 O 3 (950-13008C) -a-Fe 2 O 3 (above 13008C) [Ohkoshi et al., 2015; MacHala et al., 2011] . However, as mentioned, these temperatures depend mostly on the degree of agglomeration, the particle size, and the dopants.
The univectorial nature of the thermal demagnetization curves of the natural remanence of CO samples (Figure 2) indicates that the baked clay must have reached at least 6508C and firing temperatures typically reached in archeological kilns can reach up to 12008C [e.g., Tite, 1969] . This would be sufficient to form E-Fe 2 O 3 , based on the transformation temperatures set out above. However, it should be pointed out that these temperatures were obtained for synthetic samples and the E-Fe 2 O 3 transition temperature may well be different in archeological materials.
The Raman band positions obtained in the CO and HEL spectra have been compared to those of an isolated sol-gel synthetic, single phase E-Fe 2 O 3 microparticle ( Figure 5 ) [L opez-S anchez et al., 2016a]. They are mostly shifted toward higher wave numbers, excluding the overtone mode that is at lower wave numbers. The Geochemistry, Geophysics, Geosystems
increase of the vibrational frequency means a decrease of the lattice parameter which would then lead to compressive strain [Rubio, 2015] . The origin of this Raman shift could be related to the encasing ceramic matrix effect. In addition, the number of the Raman bands is slightly different, which can be explained in terms of cation substitution.
The hematite spectra provide a clue to the identity of the cation substituted into the E-Fe 2 O 3 structure. For hematite, a redshift and broadening of the all Raman modes can also be observed. The intensity of the band located at 680 cm 21 is markedly higher than in other studies (see supporting information Figure   S3a ) [Jubb and Allen, 2010; L opez-S anchez et al., 2016a] . This can be attributed to the disorder produced by lowering of symmetry [Rubio, 2015] . Raman investigations carried out on terra sigillata [Wang et al., 2016; Leon et al., 2010a Leon et al., , 2010b showed that for the most famous fine ware of the Roman period, the intense E u (LO) mode and the redshift of the Raman spectra was found to be caused by Ti substitution in the hematite structure. The relative high polarizability of the Ti-O bonds explains the strong activation of the E u (LO) mode located at 680 cm 21 , even with relatively low Ti content [Leon et al., 2010a] . The similarities of the hematite spectra between the terra sigillata and HEL and CO suggest that Ti could also substituted into the hematite found in HEL and CO.
When comparing the HEL and CO hematite spectra to ilmenite (FeTiO 3 ) [Rull, 2007] and to synthetic, intermediate compound of the hematite-ilmenite ((1 2 x)Fe 2 O 3 -xFeTiO 3 ) solid solution series with x 5 0.44 [Dennenwaldt et al., 2015] , their spectra are distinct and the number of Raman bands and their positions are different. In contrast, they are similar to typical hematite Raman spectra [Bellot-Gurlet et al., 2009] , with the exception of the prominent E u (LO) mode (Figures 3c and 4c ) which has been attributed to Ti-O bonds. Therefore, it is suggested that Ti substitution in the HEL and CO samples is present at relatively low (x < 0.44) values. Geochemistry, Geophysics, Geosystems et al., 2011] , at least in synthetic materials.
Hence, E-Fe 2 O 3 would be expected to convert into hematite at high temperatures. If the hematite formed in this sequence has low levels of Ti substitution, then it seems reasonable to assume that the precursor E-Fe 2 O 3 had similar levels of substitution. This might then explain the differences found between the E-Fe 2 O 3 and hematite Raman spectra of Lopez-Sanchez et al.
[2016a] and the present study (Figures 3c and 4c ). This would also explain the lower Curie temperatures observed for E-Fe 2 O 3 in HEL (1888C) and CO (1698C) compared to pure samples (2278C, L opez-S anchez et al.
[2016b] and Cornell and Schwertmann [1996] ).
The relative intensity of the disorder hematite mode for CO is larger than HEL. This effect might be interpreted as a higher Ti content in the hematite structure in CO. This effect in EFe 2 O 3 would not only tend to shift all modes towards high wave numbers, but may also induce new vibrational modes because of the structural modification and/or cation substitution. The band located at 246 cm 21 in HEL and 253 cm 21 in CO would appear to be an example of this, when compared to the pure E- Maghemite has been observed by CRS in CO (Figures 3b and 3c ) and would explain the low coercivity phase observed in its hysteresis curve. The second, higher Curie temperature of 5528C seen in the CO thermomagnetic curve (Figures 1b and 1d ) is lower than expected for pure maghemite, which is usually found to be around 6458C [ € Ozdemir and Banerjee, 1984] . However, it is likely that Curie temperatures are reduced by the influence of impurity interactions or cation substitution [Dunlop and € Ozdemir, 1997; da Costa et al., 1995] . In fact, the Raman bands and their positions differ from pure synthetic maghemite microparticles observed in other studies [Rubio, 2015] (supporting information Figure S3b) . Therefore, if the maghemite had similar Ti substitution as the subsequent E-Fe 2 O 3 and hematite phases then lower Curie temperatures would be expected, as is the case. This would tie the maghemite to the E-Fe 2 O 3 and hematite via the transformation series, with Ti being incorporated into the iron oxides as the transformation initiated.
Maghemite was not found by CRS in HEL (Figures 4b and 4c) , although a low coercivity contribution could be seen in its hysteresis curve, along with a Curie temperature of 5818C (Figures 1a and 1c) . This may be explained in several different ways. First, maghemite is present elsewhere in the sample and was not present in the areas scanned by CRS due to its heterogeneous distribution. If this is the case, then the Curie temperature of 5818C indicates some Ti substitution in the maghemite structure, at levels lower than observed in CO. This would be consistent with the lower Ti content in the E-Fe 2 O 3 in HEL compared to CO, as inferred from its higher Curie temperature. Further support for this is provided by the XRD spectrum obtained from a sister sample from the same HEL brick (named HEL1 in Figure 4b , McIntosh et al. [2007] ), in which both hematite and maghemite were identified.
Alternatively, maghemite is absent from the sample and the low coercivity phase is magnetite, which has a Curie temperature of 5858C. The magnetite was not observed in the areas scanned during CRS, again due to its heterogeneity. In this scenario, the magnetite is not necessarily associated with the c-Fe 2 O 3 -E-Fe 2 O 3 -a-Fe 2 O 3 series and so does not have similar levels of Ti substitution. The absence of any evidence for EPSILON ARCHAEOMAGNETISMmagnetite in the HEL XRD spectrum is not necessarily conclusive, as it may be absent due to a heterogeneous distribution or be present in such low concentrations that its XRD signal is too weak to be detected.
Choosing between these two options is not possible based on the data currently available. However, a lack of maghemite in HEL could have interesting consequences concerning its thermal history. By analogy with synthetic samples, it may reflect a higher firing temperature of the HEL brick compared to the CO baked clay. Following Ohkoshi et al. [2015] and MacHala et al. [2011] , maghemite transforms to E-Fe 2 O 3 around 9508C in synthetic samples, so its absence in HEL may indicate firing temperatures sufficiently in excess of 9508C that it has completely transformed. In contrast, it is still present in the CO baked clay because it has been subjected to slightly lower temperatures.
It is important to note that hematite was the most abundant magnetic iron oxide in the studied samples. This would explain why in the Mossbauer spectra of samples containing the HCSLT phase only hematite could be recognized [McIntosh et al., 2007; Donadini et al., 2007] . Both Mossbauer spectroscopy and XRD are bulk analytical techniques and neither E-Fe 2 O 3 nor maghemite and/or magnetite, the minerals that dominate the magnetic signal in all of the samples, could be conclusively identified in all cases. This, coupled with the possible heterogeneity in the distribution of the strongly magnetic phases, means that it is very difficult to get a complete picture of the magnetic mineralogy. Without this complete picture the thermal evolution of the iron oxides in the samples would be much less clear.
In the present study, the combination of rock magnetic measurements and CRS has proved to be a powerful way of identifying the mixed iron oxides in the samples. The rock magnetic measurements are especially sensitive to the phases with high magnetizations, which is of importance in identifying the carriers of the NRM. CRS can detect all mineral phases and has been of particular use in identifying the complex mixture of oxides present in the studied samples. As such, the present study acts as an example of how CRS can be used to enhance mineral magnetic and therefore archeomagnetic and paleomagnetic studies.
The identification of E-Fe 2 O 3 in both types of archeological material is striking, as is the observation of the c-Fe 2 O 3 -E-Fe 2 O 3 -a-Fe 2 O 3 transformation series. For synthetic samples, the stability of these polymorphs is particle size dependent, with maghemite being more stable for smaller particles, E-Fe 2 O 3 for intermediate particles and hematite for larger particles [MacHala et al., 2011] . Additionally, the thermal evolution of sol-gel synthesis of E-Fe 2 O 3 generally leads to the formation of nanometric particles [L opez-S anchez et al., 2016b] . In contrast, the E-Fe 2 O 3 particles observed in HEL and CO tend to be micrometric (Figures 3b and 4b) . One possibility is cation substitution leads to an increase in the stability of E-Fe 2 O 3 and promotes larger particle sizes. This is worthy of further study, as is the c-E-a iron oxide transition temperatures and the parameters that control them. Not only would this help in unravelling the thermal history of archeological material, but also in understanding the synthesis of E-Fe 2 O 3 , an industrially attractive substance.
Conclusions
1. E-Fe 2 O 3 has been found in archeological baked clay (CO) and brick (HEL) samples using CRS and identified as the HCSLT phase observed in many archeological sites around Europe [McIntosh et al., 2007 [McIntosh et al., , 2011 . The Raman spectra are analogous with those acquired from ancient black-glazed wares [Dejoie et al., 2014] 2. The widespread occurrence of hematite has been found in both samples, but due to its lower saturation magnetization it does not make a major contribution to the bulk magnetic properties. These are dominated by the presence of E-Fe 2 O 3 and maghemite in the baked clay (CO) and E-Fe 2 O 3 and either maghemite or magnetite in the brick (HEL). 3. The Raman spectra for both E-Fe 2 O 3 and hematite differ from their pure analogues, which can be attributed to stress induced by the ceramic matrix, impurity interaction and/or cation substitution (probably Ti). The lower Curie temperatures observed in mineral magnetic experiments would seem to confirm the presence of cation substitution in E-Fe 2 O 3 in both samples (CO and HEL) and in maghemite in the baked clay (CO). 4. The use of CRS has permitted the identification of different Fe oxides in both types of sample. Coupled with routine mineral magnetic measurements, this has led to a more complete picture of the magnetic mineralogy and thermal history of the samples. This work has been supported by the MICINN through projects MAT2012-38045-C04-03, MAT2013-48009-C04-01, and CGL2014-54112-R. J. L.S. thanks the FPI fellowship for predoctoral fellowship. Constructive comments and suggestions from anonymous reviewers have highly improved the manuscript and are therefore gratefully acknowledged. Readers can find in the supporting information the low temperature magnetic behavior and the X-ray diffraction pattern corresponding to the HEL sample. A Raman spectra comparison of maghemite and hematite microparticles obtained from these specific samples, with pure maghemite and hematite microparticles coming from synthetic samples is also provided. Raman and rockmag data from HEL and CO samples used in this paper are available from the Web site: http:// earthref.org/ERDA/2214/ as well as Raman data from synthetic epsilon, maghemite, and hematite.
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